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INTRODUCTION 


Wind turbine generators are being grouped in large numbers to 
establish wind energy farms and there is concern for possible 
adverse environmental impact of the radiated noise on nearby resi- 
dents. Thus there is a need for generally accepted methods for 
predicting the noise from such wind energy farms for a variety of 
configurations and operating conditions. 

The present paper includes a review of the basic physical 
factors involved in making predictions; and outlines an approach 
which allows for differences in the wind turbine generators, con- 
figurations of the wind energy farms and propagation conditions. 
Example calculations are presented to illustrate the sensitivity 
of the radiated noise to such variables as machine size, spacing 
and numbers; and such atmospheric variables as relative humidity, 
temperature, wind velocity and wind direction. 

This effort is part of the Department of Energy program 
managed by the Solar Energy Research Institute. 


CALCULATION METHODOLOGY AND ASSUMPTIONS 

Relevant characteristics of the noise sources and factors 
which influence sound propagation are reviewed and evaluated. 
Included are such items as the reference noise spectrum for the 
particular machine used, the directivity of the noise source, 
atmospheric attenuation, frequency weighting considerations and 
the geometric arrangement of the wind energy farm. The method- 
ology used to predict the noise from a large number of sources 
such as a wind energy farm is described along with the simplify- 
ing assumptions which are valid and pertinent. 

Single Machine Reference Spectrum 

The most basic information required for the prediction of 
noise from a wind energy farm is the noise output of a single 
machine. Its noise spectrum may be predicted based on knowledge 
of the geometry and operating conditions of the machine (refs. 1 
and 2) or it may be measured at a reference distance. An example 
of spectral data for a particular size range of machines is given 
in figure 1. The measured spectrum is taken from ref. 3 and rep- 
resents a 50 kw downwind machine having a three blade rotor with 
a diameter of 56 ft. The hatched area encompasses the range of 
available unpublished data for several machines rated at 50 to 
100 kw for both downwind and upwind configurations, having 2 and 
3 bladed rotors with rotor diameters ranging from 48-61 ft. Also 
shown in figure 1 is the spectrum which is used subsequently in 
this paper in example calculations to represent a machine having 
a rated power of approximately 100 kw. It is the straight (solid) 
line having a decrease in sound pressure level with increasing 
frequency of 1 dB per one third octave band or 10 dB per decade. 
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This shape is considered to be generally representative of the 
aerodynamic noise of wind turbine generators, however predictions 
for a specific wind energy farm should be based if possible, on 
data for the particular types of machines of which it is comprised. 

Directivity of the Source 

Measurements of aerodynamic noise for a number of large hori- 
zontal axis wind turbines (refs. 4-8) indicate that the source 
directivity depends on the significant noise generating mechanisms. 
For broad band noise sources such as those due to inflow turbulence 
and blade boundary layer/blade trailing edge interactions, the 
sound pressure level contours are approximately circular at dis- 
tances close to the machine. The above higher frequency sources 
are common to all types of machines. Lower frequency impulsive 
noise which is due to the interactions of the blades with the 
tower wake, radiates most strongly in the upwind and downwind 
directions. This latter source is characteristic of machines for 
which the blades are located downwind of the supporting tower. 

Even though most wind turbine sites have a prevailing wind 
direction, it is not uncommon for the wind vector to vary over a 
range of 90° in azimuth angle during normal operations. Thus one 
of the simplifying assumptions made in the calculations to follow 
is that each individual machine behaves like an omnidirectional 
acoustic point source. 

Spherical Spreading and Atmospheric Absorption 

For the case of non-directional single sources and closely 
grouped multiple sources, spherical spreading may be assumed in 
the far radiation field. Circular wave fronts propagate in all 
directions from the source and the sound pressure levels decay at 
the rate of 6 dB per doubling of distance. This latter decay rate 
is illustrated by the straight line of figure 2, and is valid for 
situations where no other attenuation mechanisms are operative. 

Absorption of sound by the atmosphere is usually substantial 
for wind turbine noise and must be considered. The resulting 
effects are illustrated in figure 2 which shows the decay of sound 
pressure level with distance for various noise frequencies. The 
top line, as noted above, represents zero atmospheric absorption, 
a condition that would apply only for low frequency components. 

At higher frequencies, as indicated by the dashed lines, the decay 
in sound pressure level with distance becomes larger. 

The curve of figure 3 was plotted from the tabulated values 
of ref. 9 and details the changes in atmospheric absorption as a 
function of frequency. For the examples shown later in this paper, 
the ambient temperature was assumed to be 20°C and the relative 
humidity was assumed to be 70% (see figure 3). Atmospheric 
absorption values for other conditions of ambient temperature and 
relative humidity can be obtained from the extensive tables of 
ref. 9. 
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Refraction 


Refraction can cause nonuniform propagation as a function 
of azimuth angle around a source. An example of the effects of 
refraction due to a mean wind gradient is given in figure 4 for 
an elevated point source. Note that in the downwind direction the 
rays tend to bend toward the ground due to the wind gradient where- 
as in the upwind direction the rays curve upward away from the 
ground. This results in the formation of a shadow zone upwind of 
the source within which the noise is greatly attenuated as a func- 
tion of distance. In a situation where there is a prevailing wind, 
refraction effects may thus be used to advantage in the siting of 
wind energy farms. If however the direction of the wind is vari- 
able, this advantage is lost. Note that temperature gradients may 
also be present and may add to or subtract from the effects due 
to wind illustrated in figure 4. It is believed that in general 
wind effects will dominate the temperature effects in noise propa- 
gation from wind energy farms. 

Frequency Weighting Considerations 

For the evaluation of the direct effects of noise on commun- 
ities the "A"-weighted metric expressed in dB( A) is in widespread 
use. The nature of this metric is shown in figure 5. The assumed 
single machine reference spectrum for a distance of 30 m is repro- 
duced from figure 1 as the solid line. The equivalent "A"-weighted 
spectrum at the same distance is shown as the topmost dashed curve. 
It can be seen that this particular weighting emphasizes the higher 
frequencies and de-emphas izes the lower frequencies. At increased 
distances, as illustrated by the bottom two solid curves, the 
levels of the higher frequency components decay at a faster rate 
than those of the lower frequencies, due to atmospheric absorption. 
The result is that the mid-range of frequencies (lOO-lOOOHz) tend 
to dominate the "A"-weighted spectrum at large distances. Fre- 
quencies higher than 1000Hz will generally not be important at large 
distances due to the effects of atmospheric absorption. Those 
frequency components below 100Hz may not be significant for "A"- 
weighting considerations but they can be significant for indirect 
effects such as noise induced building vibrations, which occur 
generally at structural resonances below 100 Hz. 

Wind Energy Farm Configurations 

A number of different geometric arrangements of multiple noise 
sources has been considered for the purpose of representing example 
wind energy farms. These different arrangements are shown schemat- 
ically in figure 6. Configuration A is the baseline with which the 
others are compared. It consists of 31 machines per row, each 
machine having a power of approximately 100 kw, and a rotor diameter 
of 15 m. The spacing between machines is 30 meters, the total row 
length is 900 m and the spacing between rows is 200 m. The number 
of rows was varied from one to eight. Configuration B is comparable 
to configuration A except that the row spacing is reduced to 100 m. 
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Configuration C involves machines having 4 times the rated power 
and the machine separation and row separation distances are twice 
those of the baseline (config. A). 

Configurations D and E both have row lengths that are twice 
that of the baseline. Because of differences in machine spacing, 
configuration E has the same total number of machines as the 
baseline whereas configuration D has twice the total number of 
machines. 


SOUND PRESSURE LEVEL CALCULATIONS 

A series of parametric sound pressure level calculations has 
been performed based on the arrays illustrated in figure 6. For 
the data of figures 7 through 11 the observer is located on the 
line of symmetry perpendicular to the rows and the observer dis- 
tance is measured from the nearest row of machines. In figure 11 
the observer is located on the line of symmetry parallel to the 
rows. 


For figures 7 through 12 the sound pressure level values 
were calculated by summing, on an energy basis, the contributions 
of each individual machine (see appendix). It was assumed that 
each machine radiated noise equally in all directions and was 
represented by the reference spectrum shown in figures 1 and 5. 

The contribution of each machine was based on its distance to the 
observer position. The calculation of the total sound pressure 
level assumed that the sources were incoherent (i.e., random phase) 
Four values of atmospheric absorption , a , were used in the cal- 
culations: 0, 0.10, 0.27, 0.54 dB/100 m. These may be considered 
to represent one-third octave band center frequencies of 50, 250, 
500, and 1000 Hz respectively provided that the temperature is 
20°C and the relative humidity is 70% (see figure 3). These fre- 
quency values were chosen because they encompass the range believed 
to be important for evaluating the environmental impact of wind 
turbine noise in adjacent communities. 

Effects of Distance 

Figure 7 shows calculated sound pressure level values for con- 
figuration A as a function of distance downwind for several differ- 
ent values of atmospheric absorption. Figure 7(a) shows the charac 
teristic spreading from an extended source for zero atmospheric 
absorption. The decay rate as a function of distance is less than 
for the single source of figure 2. At intermediate distances the 
array acts like a line source for which the theoretical decay rate 
is 3 dB per doubling of distance or 10 dB per decade. Only at the 
extreme distances, greater than one row length or 900 m, does the 
decay rate approach the single source value of 6 dR per doubling 
of distance or 20 dB per decade. For figures 7(b), 7(c), and 7(d) 
for which the atmospheric absorption is greater than zero the decay 
rates are obviously greater than for the zero absorption case and 
increase as the absorption coefficient increases. 
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Effects of Additional Rows of Machines 


The calculations of figure 7 were made for one, two, four 
and eight rows of machines, thus illustrating the effect of pro- 
gressively doubling the number of machines. For the case of zero 
atmospheric absorption and at receiver distances which are large 
compared to the array dimensions, a doubling of the number of rows 
results in an increase in sound pressure level of 3 dB. This 
simply reflects a doubling of acoustic power. At shorter distances 
the closest machines dominate, and the additional rows result in 
only a small increment in the sound pressure level. 

In the case of non-zero atmsopheric absorption, the row spac- 
ing is significant even at large receiver distances. Doubling the 
number of rows results in less than a 3 dB increase in sound pres- 
sure level. This is particularly apparent at the highest frequen- 
cies and for the larger number of rows (figure 6(d)). 

Effects of Row Length and Numbers of Machines 

The effects on the sound pressure levels of doubling the lengths 
of the rows is illustrated in figures 8 and 9. In figure 8 compari- 
sons are given between configurations A and E. In configuration E 
the same numbers of machines are involved but the spacing between 
machines is increased. Comparative data for a single row and for an 
array of eight rows are shown for absorption coefficients of 0 and 
0.54 dB per 100 m. At extreme distances the same levels are achieved 
for configurations A and E because there is the same number of machines 
in each row. At the shorter distances the levels are higher for con- 
figuration A because of the closer spacing of the machines. 

Figure 9 shows similar data for configurations A and D. For 
these comparisons the machine spacing is constant and the row 
lengths are doubled by doubling the numbers of machines per row. 

For these comparisons the sound pressure levels at the shorter dis- 
tances are equal because of the equal machine spacing. At extreme 
distances the levels for configuration D are higher by 3 dB because 
the numbers of machines per row are doubled. 

Effects of Row Spacing 

The effects on sound pressure levels of a change in the row 
spacing is seen in figure 10. Comparisons are shown for configur- 
ations A and B for atmospheric absorption values of 0 and 0.54 dB 
per 100 m, and for arrays of 2 and 8 rows. Configuration B has the 
same numbers of machines per row but the spacing between rows is 
half the distance of that for configuration A. At all distances 
the sound pressure levels are higher for the more compact array. 

These observed differences are however small at extreme distances. 

Effects of Machine Power Rating 

Configurations A and C are compared in figure 11 to illustrate 
the effects of machine power rating. For these comparisons the 
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machine spacing and row spacing for the larger machines are double 
those for configuration A. Data are given for atmsopheric absorp- 
tion coefficients of 0 and 0.54 dB per 100 m and for single rows 
and arrays of 8 rows. The assumptions are made that the reference 
spectrum shape for the larger machine is the same as for the smaller 
machine but that the levels are 6 dB higher (implying four times 
the acoustic power). For the single row of 16 large machines, the 
sound pressure levels are about 3 dB higher than for a single row 
of 31 small machines, due to the fact that the total acoustic power 
is essentially doubled. For the larger arrays the higher sound 
pressure levels are also associated with the larger machines, due 
to the greater acoustic power per row of machines. Different 
results would be obtained if the larger machines had reference 
spectra which differ in shape from that of figure 1. 

Farm Directivity Considerations 

Even though the individual machines have been treated as if 
they radiate sound equally in all directions, an array of such 
sources may not have uniform directivity characteristics. Figure 
12 shows a comparison of the sound pressure levels for configura- 
tion A as viewed from two different directions. Data are presented 
for an observer located on the line of symmetry perpendicular to 
the rows, and also for an observer located on the line of symmetry 
parallel to the rows. These two conditions are referred to as down- 
wind and crosswind, respectively in figure 12. At extreme distances 
the differences in sound pressure level are small. However at the 
shorter distances the downwind levels are higher because of the 
closer spacing of the machines in the row. 

Sound Pressure Level Contours 

Sound pressure level contours for a wind energy farm have been 
estimated, and are presented in figure 13. The farm geometry was 
chosen to be configuration A with five rows of 31 machines each, 
thus yielding an approximately square array. This results in 
essentially circular sound pressure level contours. 

Figure 13 gives sound pressure level contours of 40, 50 and 
60 dB for four values of atmospheric absorption. The contours are 
circular if there are assumed to be no propagation effects due to 
the wind gradient. These contours thus represent a worst case 
scenario. It is readily apparent that the low frequency contours 
extend to much greater distances than do the high frequency contours. 

Under the assumption of a fixed wind direction, the distance 
to contours in the upwind direction is greatly reduced, as indi- 
cated by the dashed curves in figure 13. These upwind contours 
are derived from computed distances to the acoustic shadow zone 
and excess attenuation occuring within it (see ref. 8). The 
formation of an acoustic shadow zone results in greatly reduced 
distances to particular noise level contours for all frequencies 
above about 60 Hz. 
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A more dramatic method of illustrating the differences of 
figure 13 is to compare the ground areas that are exposed to par- 
ticular sound pressure levels. Figure 14 presents such data, for 
the two downwind quadrants only of figure 13, for a range of 
atmospheric absorption values from 0 to 0.54 dB per 100 m. The 
most obvious result is that the areas exposed to the lower levels 
of noise radiation are much larger than those exposed to the higher 
levels. It can also be seen that the exposed areas decrease rapid- 
ly as atmospheric absorption increases. This effect is most 
noticeable for the lower level contour areas for which large dis- 
tances are involved. 

"A" -Weighted Composite Spectra 

The data of figures 7 through 14 are derived for a few 
selected values of atmospheric absorption and illustrate how the 
noises from individual machines sum together for various arrays 
of machines. Figure 15 illustrates the effects of "A M -weight ing 
the composite sound spectrum from wind energy farm configuration 
A. It can be seen that as for the single machine example of figure 
4, at large distances the mid range of frequencies dominate the 
"A"-weighted spectrum. 


CONCLUDING REMARKS 

A proposed model to predict noise from wind energy farms is 
presented. Various assumptions are made concerning characteristics 
of the noise sources and propagation phenomena. The wind turbines 
are assumed to be omnidirectional noise sources which add together 
in random phase. Propagation is assumed to be controlled by 
spherical spreading and atmospheric absorption, with refraction 
effects included in the upwing direction. 

Very few data are available with which to compare the results 
of this analytical study. As other data become available it may 
be shown that other factors such as ground absorption, refraction 
in the downwind direction and noise source directivity may need 
to be incorporated as refinements to this model. 
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APPENDIX 


CALCULATION OF SOUND PRESSURE LEVEL DUE TO MULTIPLE SOURCES 

Two methods are presented for calculating the sound pressure 
level due to multiple noise sources at any arbitrary receiver dis- 
tance. Both methods assume that each source radiates equally in 
all directions and include attenuation due to atmospheric absorp- 
tion. The first method has no limitations on either the number 
of machines or their geometric arrangements. The second method 
(derived from ref. 10) which is computationally more efficient, 
requires that the sources be approximately equally spaced within 
rows and that the number of sources per row be greater than three. 

Method A. Summation of Contributions from Each Source 

The required input is a sound pressure level spectrum, either 
narrow band or one-third octave band, for a single machine. This 
spectrum should be measured or predicted for a distance M, meters 
from the machine, where M is approximately equal to the tower 
height plus the rotor radius. 

The following procedure should be performed for each frequency 

band : 

1. The contribution from a single machine at a distance, R, 

from a receiver is given by: 


Sound Pressure Level Si = L - 20 log(R/M) - OtR 


where L is sound pressure level at distance M, and OL is atmosperic 
absorption in dB/m (ref. 9). 

Note that a varies as a function of frequency, temperature and 
relative humidity. 

2. Calculate contributions from all other sources as in step 1. 

The total sound pressure level at a particular receiver loca- 
tion is given by: 


Total Sound Pressure Level 


n 

10 log 10 ± I x 10 si / 10 


where n is the number of sources. 

This procedure should be repeated for all frequency bands, 
thus yielding a sound pressure level spectrum at the receiver 
location. Noise measures such as A-weighted sound pressure level 
may subsequently be calculated for each receiver location. 
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Method B. Summation of Contributions from Each Row of Machines 

If the sources are arranged in rows, the following procedure 
reduces the computations required to predict the sound pressure 
level at a receiver location. 

As for Method A, the required input is a sound pressure 
level spectrum for a single source for a distance M. A finite 
row of sources, spaced "b" meters apart, results in a sound 
pressure level at a distance R given by: 



■H b b- 

• • • 




Row of machines 


Si = L + 10 log 1Q [M 2 ( 9 n -e 1 )/Rb] - 

where ct is atmospheric absorption in dB/m and is distance from 
receiver to closest source. 

Note that 0 n , 8^ are in radians and may take positive or negative 
values, but e n must be greater than 6]_. For the case where the 
receiver is on the line of symmetry perpendicular to the row, 9 ^ 
-9 n and R i = R and the equation reduces to: 


Si = L + 10 log 1Q [29 n M 2 /Rb] - CtR 


Contributions from other rows should be calculated similarly and 
summed as in step 2 of Method A (n will be the number of rows). 

This procedure will not work if R=0; however a small number, 
approaching zero, will overcome this problem. This procedure 
gives extremely accurate results (errors less than 0.2dB) for 
atmospheric absorption equal to zero. For non zero absorption 
values, accuracy is excellent in the downwind direction (perpend- 
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icular to rows) but may lead to errors of l-2dB in the crosswind 
direction at high frequencies. 


- 11 - 



Assumed spectrum for 
100 Kw machines 
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Fiaure 3. - American national standard values of atmospheric 
absoprt ion in dB/100 m as a function of one— third 
octave band center frequency. Relative humidity 
= 70%, ambient temperature = 20°C. (see ref. 9) 



Figure 4. - Ray diagram showing the effects of refraction on the 
noise radiation from a point source located above 
around level in the presence of a mean wind gradient 
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Figure 6. 




Schematic diagrams of the geometric layouts of wind 
energy farms for which noise calculations are 
presented. 




(e) configuration E 
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Figure 7. - Sound pressure levels for various assumed absoprtion 
coefficients as a function of distance downwind from 
the example wind energy farm of configuration A. 
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Figure 7. - Concluded. 
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Figure 8. - Effects of machine spacing and row length on the 
calculated sound pressure levels downwind of wind 
energy farms corresponding to configurations A and E 
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9. - Effects of row length on the calculated sound pressure 
levels downwind of wind energy farms corresponding to 
configurations of A and D. 
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Figure 10. - Effects of row spacing on the calculated sound pressure 
levels downwind of a wind enerqy farm corresponding 
to configurations A and B. 
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Comparisons of sound pressure levels as a function 
of distance in the downwind and cross wind directions 
from a wind energy farm corresponding to configuration A 


Figure 12. 
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Figure 13. - Continued. 
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Figure 13. - Continued 
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Figure 13. - Concluded 
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